Abstract-Frequency band and coupling loss are the two important parameters of leaky coaxial cables with periodic slots. frequency band can be predicted by analyzing the arrangement of the slots on the outer shield of the cable, but the coupling loss is not so easy to determine by classical methods. In this paper, the finite-difference time-domain (FDTD) method is used to calculate the electric field distribution in the slot cut in the outer conductor of the coaxial cable. The dyadic Green's Function is then used to calculate the radiation field of the equivalent surface magnetic current densities. By these two methods, the coupling losses of the leaky coaxial cables with different periods, sizes and shapes of the slots can be accurately obtained. Some results in this paper were verified by the experimental results of the leaky coaxial cables designed for railway mobile communications with a frequency band of 100-500 MHz.
I. INTRODUCTION

L
EAKY COAXIAL CABLES are known for the capability of distributing radio waves where discrete antennas fail. The applications of the leaky coaxial cables have been now extended to many places outside its original use in tunnels and mines. There are many excellent papers about leaky coaxial cables done by pioneers both in theory and application. Wait, Hill, and Seidel studied the field, propagation constant, and the surface transfer impedance of the helical wire shielded coaxial cables [1] , [2] , and the series impedance and propagation modes of the braided coaxial cables within tunnels [3] , [4] . These types of cables are now less attractive because of the large longitudinal attenuation. Hassan, Delogne, and Laloux studied the field, propagation constant, and coupling characteristic of the axially slotted coaxial cables [5] , [6] , which are also known to have relatively large longitudinal attenuation but are easier to fabricate than the periodically slotted cables. Hill and Wait, Richmond, Wang and Tran studied the field, propagation constant, and the relationship between the propagation constant and the transfer impedance of the coaxial cables with vertical periodic slots [7] , [8] . Kim, Yun, Park, and Yoon studied the propagating and radiating properties of the coaxial cables with multiangle multislot configuration [9] , [10] . These types of cables, having the advantages of controllable radiation and low longitudinal attenuation, are now becoming the main products of numerous manufacturers.
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Publisher Item Identifier S 0018-926X(01)10812-4. the coaxial cables with short leaky sections and the tunnels [11] ; the techniques for accurately testing of the coupling loss of leaky coaxial cables [12] ; the underground transportation system [13] ; the mobile communications and its application in buildings [14] ; [15] ; the high speed railway [16] - [18] ; the guided radar system; the nonintruding detection system and others [19] - [21] . Now, the development of the leaky coaxial cables is moving toward the directions of high frequency and wide band [9] , [10] , [22] , and [23] . However, most of these work are being done by the classical method of mode matching at boundary or by experiments. Reference [9] presented a combined method which involved the method of moment and the conventional method of mode matching, and obtained the relatively accurate results of the coupling loss, but this method was complicated in the process of finding the field distribution in slot apertures. In this paper, we use finite-difference time-domain (FDTD) method combined with Mei's superabsorption method [24] to calculate the field distribution in the slots accurately. For far field, which is beyond the capacity of the FDTD, we integrate the aperture electrical field by using the dyadic Green's function, which is presented in Section III. The analyses of the harmonic radiation and resonant points, which are important in designing the frequency band of the leaky coaxial cables, are presented in Section II. In Section IV, the numerical and experimental results are presented and discussed.
II. RADIATION HARMONICS AND RESONANT POINTS OF THE LEAKY COAXIAL CABLES
A. Radiation Harmonics
Usually, the design procedure for the leaky coaxial cables with periodic slots includes two steps, namely, the design for the frequency band and the design for the coupling loss. Because the frequency band of the cable depends mainly on the arrangement of the slots, it is usually studied first. In this section, we briefly discuss the radiation characteristics of the leaky coaxial cables, which are the basics for frequency band design.
For a periodic structure shown in Fig. 1 , the field around it can be written by [25] (1) 
where
. and are the attenuation constant and propagation constant of the basic mode of the perturbed cable respectively, which can be expressed in terms of and , the attenuation constant and propagation constant of the unperturbed cable, as and .
, where is the wave number of free space, and is the relative permittivity of the dielectric material in the cable. and are the functions of many factors, such as the slot arrangement, slot size and shapes, the operating frequency.
For maximizing the effective distance, the attenuations of the leaky coaxial cables are controlled to be as low as possible. The dielectric used in the cable is usually the foamed polyethylene with a permittivity of around 1.25, where the wave velocity in the cable is about 88% of that in free space. So the values of and are almost one (Ref. [9] shows that is about 1.0002 to 1.002 for different cables). In addition, because is very small comparing to , it is not so important in the harmonic analysis that follows, so it is omitted and we let . in (1) are the periodic functions of , and can be expanded into Fourier series [25] (2) Therefore (3) where (4) is the propagation constant of the th spatial harmonic in the direction. is the period of slots. The propagation constant of the th harmonic in the radial direction is (5)
If
, then no radiation from the th harmonic occurs in the radial direction. From (5), we can find the condition for radiation from the th harmonic (6) where is the velocity of light in free space. The diagram for radiation frequency band of different harmonics is illustrated in Fig. 2 . Fig. 2 indicates that if the frequency is in the region of , only the th harmonic radiates in a single direction, as shown in Fig. 1 . When the frequency increases, the th harmonic radiation will appear in the backfire direction before the th harmonic reaches forward endfire, and the radiation will be bi-directional. Of course, if , then , which means that the radiation frequency bands of the th and th harmonics will not overlap each other, and the simultaneous radiation of those two harmonics will not occur. The propagation angles are determined by (7) Usually, the leaky coaxial cables are designed only to allow radiation in their th harmonic, so as to avoid the large fluctuation caused by the radiation of high order harmonics. Equation (6) indicates that the mono-radiation frequency band of th harmonic is very narrow, although the widest radiation band possible for th harmonic is . The usual way of suppressing the high order harmonics is to cut new slot series in addition to the original one with the same size and shape, as shown in Fig. 3 . If the small group of the new slots in each large period has a period of , then the for the whole cable can be obtained by summing up the individual of each series but with a progressively phase shift of . Therefore, the total field of the cable can be written as for vertical slot (8) for inclined slot (9) where (10) is the number of slots in the small group except the original one . If the small group period is taken as (11) then the equals zero and the radiation of the th higher order harmonic is suppressed. In addition, from the equation for the in (9) we can see that if is a negative even number, the corresponding terms in the series vanish. This means that the inclined slot cable naturally suppressed the radiation from all the even order high harmonics of the . In (9), the coefficients and are functions of the inclination angle of the slot. If the inclined slot approaches a vertical position, will vanish and the original slot array will become a new array that has a slot period only half that of the original one. In this case, (9) is reduced to (8) .
B. Resonant Points
Another important issue of the leaky coaxial cable with periodic slots is to find the resonant points, at which the transmitting and radiating properties are degraded. In analysis, we may replace a single slot by a symmetry two port network with reflection coefficient and transmission coefficient . The whole cable, shown in Fig. 3 , is then equivalent to a series connected circuit as shown in Fig. 4 .
Using the theory of small reflections [25] and neglect the multireflections between the slots, we get the total reflection coefficient (12) where is the total number of the large periods. The voltage standing wave ratio (VSWR) can be found from (12) by . In Fig. 5 (a), the VSWR of a cable with diameter of 41.3 mm (outer conductor) versus frequency is shown for . One hundred slots were cut on the cable with period of m. Each slot has a size of 32.4 3.3 mm , and the reflection and transmission coefficients from it are and (these values were obtained from an approximate theoretical analysis at frequency of 900 MHz). In the calculation we let Np/m (corresponds to 20 dB/km), and . Fig. 5(a) indicates that in the mono-radiation band of th harmonic, a resonant point occurs at . At this frequency, the propagation angle of the th harmonic outside the cable is . This means the cable radiates in the broadside direction. Because large amount of the energy is reflected at this point, so the radiation property is also distorted. This resonant point can be removed by cutting another hundred slots shifted from the original slots by a distance of as shown in Fig. 5 (b) . The same procedure was presented in [26] but for eliminating the rapid variation of the leakage constant in the "stop-band" of the leaky-wave antenna. However, here we have not only removed the resonant point, but also suppressed the radiation of the th harmonic, and extended the mono-radiation frequency band of the th harmonic from to . If we wish to remove the resonant point without affecting the radiation field, we could cut the nonradiation slots instead, i.e., the slots which do not cut the current line on the cable's outer conductor. Sometimes, the manufactures disclose the frequencies of the resonant in their products specification.
III. FDTD FORMULAS AND RADIATION FIELD INTEGRATION
Unlike the frequency band, the coupling loss of the leaky coaxial cables not only depends on the arrangement of the slots, but also depends on the size and shape of the slots, so it is hard to obtain its design data analytically. We decide to use FDTD method to calculate the field distribution in the slots, and then calculate the radiation field by integrating this field together with the dyadic Green's function. Fig. 6(a) and (b) show the configuration and coordinates of the coaxial cable and the slot, where is the outer radius of the inner conductor, is the inner radius of the outer conductor. and are the length, width and angle of the slot respectively. is the inclined angle of the slot. Fig. 6(c) shows the discrete meshes used in this paper. There are four regions to be considered. For all regions, the general form of Maxwell's curl equations is (13) (14) where and are the relative permittivity and permeability of the corresponding region.
A. FDTD Formulas
After expanding (13) and (14) in terms of cylindrical coordinates, the similar mesh nodes of Yee [27] were used to discretize the time and space. The final discrete forms for the field equations are (20) where is the spatial steps at different places, is the wave velocity in the medium,
. If we are only interested in the field amplitude, the above equations may be simplified by replacing with . For the boundary condition, we use the superabsorption method proposed by Mei [24] combined with the Mur's boundary condition [28] .
B. Radiation Field Integration
The radiation field can be solved by integrating the equivalent magnetic current together with dyadic Green's function. It should be noted that although the leaky coaxial cable is assumed to be infinitely long, the FDTD, can only solve the field distributions of several slots. However, we shall see late in this paper, that if the slots are separated far enough, the effect of interference between the slots on the aperture field distribution is negligible. Therefore, the only parameters in the aperture distributions are the phase and the amplitude of the distribution, which can be predicted by theoretical analysis. The whole cable can be considered as a phased slot array with the same field distribution in each slot.
The radiating electrical field from the leaky coaxial cable can be expressed by [29] (21)
where (22) and (23) is the equivalent surface magnetic current density, which has two components and . They should not be confused with the which denotes the vector wave functions. is the electric field in the slot aperture, is the normal direction of the aperture pointing outward. We only need to use the even modes and of the vector wave function owing to the coordinates we have chosen in Fig. 6 The integrals in (29) include a series of slots with larger group period and small group period as shown in Fig. 3 is determined by the formula . should not be less than the standard length of 70 m (or 100 m), which is demanded by the experiment. For and , just replace parameter in (31), (32) with . The integration limits and the summation limits must be tested carefully in calculating (24)- (26) . The kernel will become singular when . In this case, we set a small deviation to the integral limits as . By computation and comparison, we have found that if and , the errors due to the deviation of the limits are negligible. The series summation appears to have converged for . Actually, if becomes larger, the second integrations in (24)-(26) become smaller as expected, and can be chosen even smaller. Fig. 7 shows the influences of the cable jacket and the neighboring slot on the aperture field distribution of a slot. The cable is designed to have a characteristic impedance of 50 , its structural parameters are mm, mm, the relative permittivity of the dielectric is , the thickness of the cable jacket is about 2.5 mm with . This cable is consistent with the standard -" leaky coaxial cables of several manufacturers. The exciting voltage in cable is 0.707 V at frequency of 900 MHz. The distance between the two slots is 5 cm. The length of the slots is 32.44 mm corresponding to , and the width of each slot is 2.5 mm. From Fig. 7 we can see that the influences from the jacket and neighboring slot are very small and can be neglected. Fig. 8 shows the aperture field distributions of the slots with inclined angle of 14.2 , 9 , and 5 . The cable's parameters are mm, mm, , with a characteristic impedance of 75 . The slot length and width are 122 mm and 5.3 mm respectively. As expected, the slots with larger inclined angle excited larger aperture field. Fig. 9 illustrates the waveforms of and , both in the middle of the slot with an 
IV. NUMERICAL AND EXPERIMENTAL RESULTS
A. Field Distribution in Slots
B. Radiation Field From the Slots on the Coaxial Cable
It must be pointed out that the influence of the cable jacket was neglected in the derivation of the formulas in Section III for the radiation field. When the jacket thickness is less than , the error due to it is of no significance. Fig. 10 gives the radiation field distribution along the cable with two vertical slots, the field points were located in the front of the slots, and were kept 5 cm away from the cable. Fig. 11 shows the field distribution around a cable with single vertical slot only, the field points were also kept 5 cm away from the cable. The curves with dots in both figures were directly obtained from FDTD calculations which have considered the influence of the cable jacket. The solid lines represent the results from the integration after the electrical field in the slot have been computed by FDTD. These agreements in results also demonstrate the integrity of the complicated integrations involved in the dyadic Green's function. In the following sections, the electric fields used in the computation all come from the magnetic current integrations. 
C. Harmonic Effects on Coupling Loss
Coupling loss is the only parameter which distinguishes the leaky cable and the normal RF cable. It's defined as (33) where is the received power of a standard half-wavelength dipole antenna, and is evaluated in this paper by . This corresponds to the multiplication of the Poynting vector with the effective area of the half-wavelength dipole. In the case of surface wave mode, this formula can also indicate the variation of the electric field.
is the power transmitted in the cable. The coupling loss varies along the cable, and therefore it is called local coupling loss. For a whole cable, the coupling loss is defined in a statistical way. If there are 50 of the tested points at which the local coupling loss is less than a certain value, then this value is called the coupling loss of the cable with probability . The same definition can be made for . The distance between the tested point and the cable also affects the coupling loss, so usually, the standard distance is defined as 1.5 m, 2 m, or even 6 m. In this paper, we adopt the standard of 1.5 m and 2 m. Incidentally, different type of cables needs different orientations of the dipole when testing. It must be emphasized that in our computation of electric field from (24) to (26), we let and . The value of was obtained from some manufacture's specification. The effect of these approximations on the numerical results is very small, because the leaky coaxial cables are usually designed more like transmission lines. The value of is dominated by the materials constructing the cable. Fig. 12 illustrates the local coupling loss as a function of with period of 0.155 m, 0.157 m, 0.31 m, and 0.32 m, the operating frequency is 900 MHz, the distance between dipole and cable is 2 m, the dipole orientation is in the direction. From the analysis of Section II we know, m corresponds to the case of surface wave mode, m and m correspond to the case of mono-harmonic radiation mode, while m corresponds to the case of multi-harmonic radiation mode. From Fig. 12 we find that the fluctuation is very small when the cable is working in the mono-harmonic radiation band. If high-order harmonics exist, the fluctuation becomes very large. But if we use the method discussed in Section II to suppress the radiation from higher order harmonics, the fluctuation will be reduced again as shown in Fig. 13 . Fig. 12 also shows that although the fluctuation of the surface wave mode is small, the coupling loss, however, is larger than the others. This is due to the fact that most of the energy coupled from the cable is involved in surface wave mode and is bounded near the cable, so the attenuation in radial direction is larger. Fig. 14 gives the computed coupling losses of three types of leaky coaxial cables with inclined angles of , 9 and 5 respectively, which correspond to the realistic leaky coaxial cables designed previously for a frequency band of 100-500 MHz. The configuration of these cables are similar to that shown in Fig. 3(b) , but with and . The parameters of the cable and slots are mm, mm, m, mm, mm, mm. This configuration ensures the suppression of the radiation from higher order harmonics within the frequency band. Here, the coupling loss is only computed from which corresponds to the vertical orientation of the dipole. The operating frequency is MHz. As expected, the slots with larger inclined angle will couple more energy into the space from the cable, so the corresponding cable has a lower coupling loss.
D. Experimental Results and Comparison
The types of the cables described in Fig. 14 have been manufactured and tested previously [30] . The cables are all 200 m long, and were hung 3.5 m high along a road. The cables were connected to a source with frequency of 456 MHz, and were terminated at the other ends by standard terminating loads. When testing, the receiving dipole was placed vertically to the cable axis in the front of the slots, and 1.5 m away from the cables, so only was received. The spatial sampling step is 0.4 m along the cables. Other parameters concern about the cables are the same as in Fig. 14 . The tested results are given in Fig. 15 and in Table I . For comparison, we made the same sampling procedure as the experiment from Fig. 14 , the sampling results are shown in Fig. 16 and also in Table I .
From Table I we can see that the two statistical results are in good agreement, the main difference is in the distributions of the local coupling losses. This is due to the disagreement in numerical calculation and experiment. The formula for in Section IV-C implies that the coupling losses in Figs. 14 and 16 are actually calculated at the discrete points under the assumption of an ideal plane wave incidence. But in experiment, things were more complicated, the field received by the realistic dipole was affected by the environment.
V. CONCLUSION
In this paper, the electrical field in the aperture of the slot cut in the outer conductor of the coaxial cable is calculated by FDTD method, the radiation field from the slots is then obtained by integrating the equivalent magnetic current together with the dyadic Green's function. By these methods, the relationship between the coupling losses and the configurations of the cables and the slots can be accurately determined, which are important issues in the design of the leaky coaxial cables. The results of this paper show that for the same structure of the slots, the leaky coaxial cables working in the surface-wave mode will have larger coupling losses than that working in radiation mode. If radiation of higher order harmonics occurs, then the field along the cable will fluctuate very sharply. In order to extend the frequency band of monoharmonic, radiation from high order harmonics should be suppressed by cutting one or more new series of slots in addition to the original one with the same size and shape. 
